While some of the data sets show opposing trends with respect to some parameters, a mean absolute error of less than 30% is achieved with the proposed correlation.
Introduction
Heat transfer in minichannels and microchannels has received significant attention over the last few years, especially for application to electronics cooling [1] [2] [3] [4] [5] [6] . While single-phase flow in small channels can easily be described with equations developed for conventional-sized tubes, microchannel flow boiling is significantly affected by the confinement of bubbles [7] [8] [9] [10] .
Existing heat transfer correlations are unable to accurately predict the flow boiling heat transfer coefficient in small channels over a wide range of operating parameters [1, 4, 11] as the heat transfer mechanisms are not fully understood. A recent review of the literature [1] showed that a pool boiling correlation [12] outperforms dedicated flow boiling correlations when applied to a large database of results from different research groups for channels of hydraulic diameters smaller than 2 mm. However, even the best predictions showed a mean absolute error (MAE) of 40% against the large experimental database, and predicted less than half of the measured data to within a deviation of ±30%. It was also noted in [1] that most of the existing minichannel and microchannel heat transfer correlations were developed based on small data sets [13] [14] [15] [16] [17] [18] [19] [20] . As a result, these correlations usually performed well in the parameter range over which they were fit, but did not extrapolate well beyond their often narrow operating range [1] . One of the only correlations that was based on a larger set of minichannel and microchannel heat transfer measurements from several independent sources was due to Thome et al. [21, 22] . While this correlation is fairly successful over a broad parameter range, its main drawback lies in its assumption of a single heat transfer regime, which conflicts with the observation of multiple flow regimes by several researchers [5, 23, 24, 25] as well as the trends of several heat transfer measurements [14, 16, 19] .
In recent years, a large number of well-characterized experiments with small channels have been published [13, 14, 16, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . These studies cover a wide range of operating parameters, fluids and physical dimensions, and present a good database against which to validate existing correlations and to support the formulation of new correlations.
The aim of the present work is to develop an improved semi-empirical correlation based on the formulation proposed by Chen [38] . The Chen correlation is based on a physical superposition approach and is valid for vapor qualities below 0.7. The original equation and most later modifications [39] [40] [41] [42] were designed for conventional tubes, but nonetheless extrapolate favorably to small channels. Due to its sound physical basis and its independence from specific flow patterns, this approach has been chosen as the basis for the new correlation presented here, and it has been modified to account for the effects of small channel size. 
The experimental database

Development of the proposed correlation
Following the basic form of the Chen correlation [38] , we start by representing the flow boiling heat transfer coefficient as an addition of weighted nucleate boiling and convective heat transfer terms
5 where S is a suppression factor applied to the nucleate boiling term to account for dryout as the vapor quality increases, while the convective heat transfer term is multiplied by factor F to account for the enhanced convection due to higher flow velocities at increased vapor qualities. 
in which it is recommended that the surface roughness measure R P (according to DIN 4762)
should be set equal to 1 in cases where the surface roughness is unknown. The convective heat transfer coefficient is calculated as the average of the convective heat transfer coefficients for pure liquid and pure vapor, with a linear dependence on the vapor quality, x:
The Hausen correlation for developing laminar flow [43] is used for convective heat transfer in the liquid and vapor due to the low Reynolds numbers usually encountered in microchannels and their relatively short length in the flow direction. This correlation, for liquid flow, is given by
with the vapor-only expression differing only in that properties of saturated vapor are used instead. The Reynolds numbers for saturated liquid and saturated vapor are respectively defined using the total mass flux as
Once the nucleate boiling and convective heat transfer coefficients are calculated, the suppression factor S and the enhancement factor F need to be determined. The heat-flux dependence and mass-flux dependence are respectively addressed in the nucleate boiling and the convective heat transfer correlations. The effect of vapor quality, on the other hand, is not represented. Also, the role of channel size and the resulting confinement of bubbles are not accounted for. Both the vapor quality and the confinement of bubbles have been shown to play an important role in determining the heat transfer coefficient in several studies [1, 2, 4] .
Past formulations of the Chen correlation [38] [39] [40] [41] corrected the nucleate boiling term with a suppression factor S ( 1) to account for the suppression of nucleate boiling with an increase in vapor quality which inhibits bubble growth and leads to dryout at high vapor qualities.
Suppression of the bubbles appears to be largely independent of channel diameter [1, 25, 31] .
The formulation chosen for the present work assumes a linear decrease of the nucleate boiling heat transfer coefficient with increasing vapor quality
which is the simplest functional form that still recovers physically correct values at the extremes of vapor quality: in the saturated liquid case (x = 0) pool boiling is not suppressed and in the case of saturated vapor (x = 1) nucleate boiling is absent.
Unlike the suppression factor, the enhancement factor F is influenced by the confinement of bubbles in small channels, which is the primary reason for the observed differences in the heat transfer for conventional tubes, minichannels and microchannels. In conventional tubes the heat transfer coefficient at high vapor qualities is usually enhanced in the annular flow regime [38, 41, 42, 44] . For small channels, on the other hand, the enhancement of the heat transfer coefficient with increasing vapor quality is shown to be far smaller [1, 9, 23, 24, 45] . The enhancement factor must reduce to 1 for pure liquid and pure vapor, and be greater than 1 within the two-phase regime. Therefore the following structure is adopted:
A higher confinement number leads to a smaller enhancement factor and the effect of the thermodynamic vapor quality is captured using a polynomial dependence.
Substituting equations (6) and (7) into equation (1) we arrive at the final equation
where a and b are fitting parameters to be determined from the database of experimental results.
Under saturated liquid conditions (x = 0) the liquid convection and pool boiling are simply added, with no enhancement or suppression. At saturated vapor conditions (x = 1), pool boiling is absent and the heat transfer coefficient is determined directly by the vapor-only convective heat transfer.
Greater confinement leads to a smaller enhancement of the convective heat transfer compared to unconfined flow.
Using the database discussed in section 2, the constants a and b were determined to be 80 and 0.6, respectively, leading to the following proposed correlation
with the nucleate boiling and convective heat transfer coefficients given by equations (2) and (3) (4) (5) . It is interesting to note that, averaged over the complete database assembled for this work, nucleate boiling accounts for 57% of the heat transfer while convection accounts for 43%. As the vapor quality decreases, nucleate boiling becomes increasingly significant compared to convective heat transfer. and Θ, defined as the percentage of predicted data points that agree with the corresponding measured values to within 30%. Using these two measures, the proposed correlation was evaluated against the experimental database and also compared to several other correlations from literature. Many more correlations were compared in an extensive literature review by Bertsch et al. [1] and only the most applicable and the most commonly used correlations are considered here. Table 2 lists all ten correlations along with their appropriate ranges of application. Of these, eight are flow boiling heat transfer correlations while the other two are pool boiling equations that were shown to outperform most of the flow boiling correlations [1] . For data sets where the channel wall roughness was known, the given roughness value was used in all the correlations; otherwise a wall roughness of 1μm was assumed as recommended by Cooper [12] . Table 3 lists the MAE and Θ for all ten correlations with respect to each data set. The total over all the data sets is included in the last row. Out of all the correlations considered from the literature, Cooper [12] results in the lowest MAE of 39% and the highest Θ of 46%. Other correlations that perform well are those of Liu and Winterton [46] and Thome et al. [21, 22] . All other correlations show an MAE of more than 65%. In comparison, the proposed correlation from the present work shows a 28% MAE and predicts more than 60% of the data with an uncertainty of less than 30%. Predictions from the proposed correlation represent all but one of the data sets with MAEs below 50%. The only exception is the data set from Yun et al. [16] , which is also predicted very poorly by all other equations.
The proposed correlation provides good predictions for horizontal and vertical channels, single and parallel arrangements and also for a wide range of heat fluxes and mass fluxes. The effects of channel diameter and confinement are accounted for as well.
As a final comparison to the literature, the ratio calc meas h h  (11) was calculated for all the measurements in the experimental database with the correlations listed in Table 2 , as well as the proposed correlation. Figure 3 shows semi-logarithmic plots of this ratio for representative correlations chosen for being the most commonly used or for their best agreement with the database. The Bennett and Chen [39] correlation, which was developed for conventional channels and is valid for x < 0.7, works best for moderate vapor qualities but tends to overestimate the heat transfer coefficient in small channels. The Kandlikar and Balasubramanian [47] correlation, which was proposed for minichannels and microchannels, shows a far wider spread over the whole vapor quality range. The Liu and Winterton [46] correlation improves upon the Chen correlation in that it shows a fairly small deviation similar to the Thome et al. [21, 22] correlation. Clearly the best agreement out of all the correlations in the literature is achieved by the Cooper [12] correlation, which was developed only for pool boiling.
The proposed correlation further improves on the low deviation of Cooper and shows very good agreement up to vapor qualities of 0.8. At higher vapor qualities, the trends of several measurements show clearly opposing trends which lead to a slightly larger deviation between some measurements and the correlation.
Conclusions
A composite heat transfer correlation is proposed for minichannels and microchannels and validated against a database containing 3899 data points from 14 studies in the literature. The new semi-empirical correlation is based on a superposition of nucleate boiling and convection contributions, and shows very good agreement with the magnitudes and trends of variation of the heat transfer coefficient from most data sets with a mean absolute error of 28%. It also predicts over 60% of the measurements with an uncertainty of less than ±30%, and more than three- Tables   Table 1. Database of studies from which heat transfer coefficients are used in the correlation development. Table 2 . Flow boiling heat transfer correlations considered in this work and their ranges of applicability. Table 3 . Mean absolute error (MAE), and the percentage of predictions (Θ) which fall within ±30% of the measurements from each data set. Winterton [46] , Thome et al. [21, 22] , Kandlikar and Balasubramanian [47] , Cooper [12] , and the proposed correlation. Number of data points Agostini et al. [29] R-134a in aluminum rectangular (N = 11, 18 Water, Methanol, Pentane, Heptane, Benzene,… P = 55-3500 q" = 0.6-240 x = 0.01-0.71 Gungor and Winterton (1986) [48] Water, R11, R12, R113,... (note the difference in y-axis scale in the two plots).
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Figure 2: Comparison between trends in the measurements and those from the proposed correlation for data from (a) Bertsch et al. [35] , (b) Lee and Lee [14] , (c) Lin et al. [27] , and (d) Qi et al. [32] . Figure 3 . Ratio of calculated to measured heat transfer coefficient Ф as a function of thermodynamic quality using correlations proposed by Bennett and Chen [39] , Liu and Winterton [46] , Thome et al. [21, 22] , Kandlikar and Balasubramanian [47] , Cooper [12] , and the proposed correlation.
